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Abstract
Acute multiple sclerosis lesions are characterized by accumulation of
T cells and macrophages, destruction of myelin and oligodendrocytes,
and axonal damage. There is, however, limited information on
neuroimmune interactions distal to sites of axonal damage in the
T cell-inﬁltrated central nervous system. We investigated T-cell
inﬁltration, myelin clearance, microglial activation, and phagocytic
activity distal to sites of axonal transection through analysis of the
perforant pathway deafferented dentate gyrus in SJL mice that had
received T cells speciﬁc for myelin basic protein (TMBP) or ovalbumin
(TOVA). The axonal lesion of TMBP-recipient mice resulted in lesion-
speciﬁc recruitment of large numbers of T cells in contrast to very
limited T-cell inﬁltration in TOVA-recipient and -naBve perforant
pathway-deafferented mice. By double immunoﬂuorescence and
confocal microscopy, inﬁltration with TMBP but not TOVA enhanced
the microglial response to axonal transection and microglial phag-
ocytosis of myelin debris associated with the degenerating axons.
Because myelin antigen-speciﬁc immune responses may provoke
protective immunity, increased phagocytosis of myelin debris might
enhance regeneration after a neural antigen-speciﬁc T cell-mediated
immune response in multiple sclerosis.
Key Words: Dentate gyrus, Microglia, Myelin basic protein,
Perforant pathway, Phagocytosis, T cells.
INTRODUCTION
T cells reactive to myelin proteins are considered to
have crucial pathogenetic roles in inﬂammatory responses in
multiple sclerosis (MS) (1, 2); they accumulate in the
cerebrospinal ﬂuid and in MS lesions (3, 4). Pathogenetic
roles for myelin antigen-speciﬁc T cells are supported by
studies on the animal model experimental autoimmune
encephalomyelitis (EAE), in which clinical and histologic
features similar to those in MS can be induced in naBve
recipients by adoptive transfer of myelin antigen-reactive T
cells (5Y7). There is, however, also evidence that the injured
central nervous system (CNS) can beneﬁt from T-cell
responses to myelin antigens. For example, T cells reactive
to myelin basic protein (MBP) but not to ovalbumin protect
neurons from secondary degeneration in different CNS injury
models (8Y10). This protective autoimmunity involves
various mechanisms that include secretion of the anti-
inﬂammatory cytokine interleukin (IL) 10 (10) or the neuro-
trophic factors neurotrophic factor 3 and brain-derived
neurotrophic factor (11, 12), and the induction of Bfunctional
silencing[ in damaged neurons (8, 13).
Microglial responses in CNS injury and disease can
also be harmful or beneﬁcial, depending on the stimulus they
receive (14, 15). Microglia are the principal phagocytic cell in
the CNS (16, 17), which, when activated, produce cytokines,
neurotrophins, and immunomodulatory factors. Although
microglia are ubiquitous in the CNS, myelin debris may per-
sist for several months after injury in the absence of inﬂam-
mation (18Y20). Because myelin debris inhibits remyelination
and neurite outgrowth (21, 22), this raises the possibility that
inﬂammation might stimulate microglial phagocytosis of
myelin debris, which would then disinhibit regenerative pro-
cesses and remyelination (23, 24). Indeed, there is a correlation
between activated phagocytic microglia and clinical recovery
in optic nerve injury (25), in which there is signiﬁcant T-cell
inﬁltration (8, 26, 27). Compared with optic nerve injury
(8, 26, 27) and spinal cord injury (28), T-cell inﬁltration into
the CNS is more limited when there is minimal breakdown of
the bloodYbrain barrier, such as from a lesion of the perforant
pathway (PP) (29Y32). The PP is a myelinated nerve tract
that arises in the entorhinal cortex and terminates in the outer
part of the molecular layer (oml) of the dentate gyrus (33,
34). Transection of the PP results in anterograde axonal and a
dense terminal degeneration in the oml of the dentate gyrus
(35), causing accumulation of myelin debris that persists for
several weeks until it is eventually cleared by phagocytic
microglia (36Y39).
To investigate the effect of myelin-reactive T cells on
the microglial response to axonal degeneration and microglial
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clearance of degenerated myelin, we adoptively transferred
MBP-speciﬁc T cells (TMBP) or ovalbumin-speciﬁc T cells
(TOVA) into recipient mice and induced a PP lesion. We
found that an axonal lesion in TMBP-recipient mice not in
TOVA-recipient mice resulted in extensive T-cell inﬁltration
in the deafferented oml of the dentate gyrus and that there
was enhanced clearance of myelin debris due to increased
phagocytosis by activated microglia. These results raise the
possibilities that axonal degeneration might precipitate the
development of new inﬂammatory lesions and that inﬁltration
of myelin-reactive T cells could be beneﬁcial to the re-
generative process by increasing phagocytosis of degenerat-
ing myelin.
MATERIALS AND METHODS
Animals, Manipulation of Animals, and
Tissue Processing
Animals
Female SJL mice (8Y10 weeks) were obtained from
Bomholtgaard (Skensved, Denmark) and the Jackson La-
boratory (Bar Harbor, ME). Mice were kept in a pathogen-
free, temperature and humidity-controlled environment with
12-hour light-dark cycle and provided with food and water ad
libitum. Experiments were approved by the National Danish
Animal Care Committee (Permission no. 192000/561-272 and
J.nr. 192000/51-272).
Transfer of T Cells
CD4+ TMBP and TOVA were generated as previously
described (40, 41) and injected intravenously to recipient
mice (n = 19 and n = 12, respectively). Donor mice were
immunized 7 days apart by 2 subcutaneous injections at the
base of the tail and in the ﬂank with 50 KL of an emulsion
made of complete Freund adjuvant containing 0.5 mg/mL of
Mycobacterium tuberculosis (ICN Biomedicals, Inc., Aurora,
OH) and MBP (Sigma, St. Louis, MO; 4 mg/mL) or
Ovalbumin (Fluka; 60 mg/mL). Lymph nodes were collected
on day 14, and cells were cultured for 4 days in RPMI-1640
media (catalog no. 31870-017; Gibco) containing 10% fetal
bovine serum (FBS; cat. no. 10500-056; Gibco), 2 mmol/L of
L-glutamine (Sigma), 50 Kmol/L of 2-mercaptoethanol (Bie
& Berntsen, RLdovre, Denmark), and 50 Kg/mL of MBP.
Cells were collected on a Ficoll-Hypaque gradient (Amer-
sham Pharmacia, Uppsala, Sweden), counted, and injected
intravenously to recipient mice (5  106 blasts/mouse,
corresponding to 28%Y30% of the cells injected). TMBP-
and TOVA-recipient mice (hereafter referred to as TMBP and
TOVA mice, respectively) were weighed and clinically
evaluated each day for the development of neurologic signs.
The TMBP and TOVA mice showed no neurologic signs before
or after lesion of the PP; unlesioned TMBP mice were allowed
to develop clinical EAE to increase the possibility of T-cell
inﬁltration into the hippocampus.
PP Transection
Anterograde axonal degeneration was induced by ste-
reotactic transection of the entorhino-hippocampal PP using a
wire-knife, as described previously (42). To determine
whether PP lesion induces inﬁltration of myelin-reactive T
cells, 14 TMBP and 8 TOVA mice were subjected to a PP
lesion 4 days after T-cell transfer, at which time myelin-
reactive T cells usually enter the CNS after intravenous
injection (43). The mice were killed 7 days after lesion
(11 days after T-cell transfer), along with a group of naBve
mice that had only been subjected to a PP lesion (n = 12); this
was sufﬁcient time for the Wallerian degeneration to give
rise to MBP+ particles and marked reactive microgliosis (37).
The TOVA mice were killed 11 days after T cells, and the
TMBP mice were killed 11 to 14 days after T-cell transfer,
with signs of EAE grade 2 to 3. Unoperated SJL mice
(n = 6) and unlesioned contralateral dentate gyrus served as
controls.
Fixation and Tissue Sectioning
Mice were deeply anesthetized with 0.05 mL pento-
barbital (200 mg/mL) and perfused through the left ventricle
using 5 mL of chilled 0.15 mol/L SLrensen phosphate buffer
(pH 7.4), followed by 20 mL of chilled 4% paraformaldehyde
in 0.15 mol/L SLrensen phosphate buffer (pH 7.4). The
brains were postﬁxed in 4% paraformaldehyde for 1.5 hours,
immersed in 20% sucrose overnight, frozen using CO2-snow,
and stored at j20-C until they were serially cut into 16-Km
cryostat sections. Some sections were stained with toluidine
blue for visualization of general histopathologic changes.
Remaining sections were stored at j40-C until immunohis-
tochemical staining.
Immunohistochemistry
Standard Protocols
For validation of the quality of lesion and evaluation
of microglial responses, monoclonal rat anti-Mac-1/CD11b
antibody (MCA711; Serotec, Oslo, Norway; dilution, 1:600)
(37, 44) was used with biotinylated species-speciﬁc monoclo-
nal goat anti-rat antibody (RPN 1005; Amersham, Bucking-
hamshire, UK; dilution, 1:200) and streptavidin-horseradish
peroxidase (DAKO A/S, Glostrup, Denmark; dilution,
1:200). Sections were thawed and dried for 30 minutes at
room temperature (RT), followed by rinsing 3  15 minutes
in 0.05 mol/L Trizma baseYphosphate-buffered saline (TBS)
containing 1% Triton (T-TBS; Sigma). After blocking of
nonspeciﬁc staining with TBS containing 10% FBS, sections
were incubated overnight with primary antibody diluted in
10% FBS at 4-C. Sections were then rinsed 3  15 minute in
T-TBS and incubated with the secondary biotinylated anti-
bodies for 1 hour at RT. Endogenous peroxidase activity
was then blocked with H2O2 and methanol in a 1:500 mixture
for 30 minutes, followed by rinsing in T-TBS for 3  15
minutes. Finally, sections were incubated with streptavidin-
horseradish peroxidase for 1 hour at RT, rinsed in TBS 3 
15 minutes, and developed with 0.5 mg/mL of diaminoben-
zidine (Sigma) in TBS for 5 to 10 minutes. After a quick
rinse in TBS, sections were dehydrated through graded
alcohol solutions, cleared in xylene, and mounted with
DePeX (BDH Laboratory Supplies, Poole, UK).
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For visualization of T cells and T-cell subsets, sections
were incubated with rat anti-human CD3 (Serotec; dilution,
1:200) and rat anti-mouse CD4 and CD8 antibodies (Phar-
mingen, BD Biosciences; dilutions, 1:600 and 1:100,
respectively). The staining procedure was as outlined for
Mac-1, using histochemical detection with diaminobenzidine.
Cross-reactivity of the anti-human CD3 antibody for murine
CD3 was conﬁrmed by location of CD3+ cells to the
periarteriolar sheath in murine spleen sections. Myelin and
myelin debris were visualized using primary polyclonal
rabbit anti<human MBP antibody (A0623; DAKO; dilution,
1:500), followed by incubation with alkaline phosphatase-
conjugated anti-rabbit immunoglobulin (Ig) antibody (A3812,
Sigma; dilution, 1:100) and development using 5-bromo-
4-chloro-3-indolyl phosphate and nitro blue tetrazolium as
chromogens according to Fenger et al (38).
Double Immunoﬂuorescence
For simultaneous visualization of the endothelial basal
lamina and the glia limitans, a rabbit anti-mouse laminin 1
(Cedarlane Laboratories; dilution, 1:80) was used, followed by
an Alexa 594-conjugated secondary antibody goat antirabbit
(A-11012; Invitrogen; dilution, 1:500). Mac-1+ microglia and
macrophages were detected by Alexa 488-conjugated Strepta-
vidin (S-32354; Invitrogen; dilution, 1:500), as were CD3+ T
cells. For visualization of phagocytosis by activated microglia,
we performed double labeling with MBP that was detected by
Alexa 594<conjugated goat antirabbit (A-11012; Invitrogen;
dilution, 1:500). Degenerating myelinated axons were visual-
ized using ﬂuorescent double labeling for neuroﬁlament (NF;
rat antimouse; Chemicon; dilution, 1:100) and MBP and de-
tected by Alexa 488-conjugated SA together with Alexa 594-
conjugated goat antirabbit. The cellular nuclei were visualized
using the nucleic acid stain 4¶,6-diamino-2-phenylindole
(DAPI; Invitrogen; D3571), which was added in a concen-
tration of 300 nmol/L to the TBS during the last rinse.
Controls
Nonspeciﬁc staining was assessed by incubation with-
out the primary antibody, with an isotype-speciﬁc control
(rat IgG1 or rat IgG2; Nordic Biosite AB, Ta¨by, Norway),
or with rabbit serum (X0902; DAKO), and there was no
staining.
Quantitative Analysis
Cell Counting
The total number of CD3+, CD4+, and CD8+ cells in
the temporal dentate gyrus were counted in PP-lesioned TMBP
mice (n = 14) and compared with PP-lesioned TOVA mice
(n = 8), PP-lesioned naBve animals (n = 12), and unlesioned
TMBP (n = 5), TOVA (n = 4), and naBve (n = 6) mice. Cells
were counted in 5 parallel sections, each 160-Km apart in the
ipsilateral deafferented and contralateral unlesioned molec-
ular layer. In naBve mice, both hippocampi were analyzed,
and the results for this group were averaged. Cell counting
was performed using a 20 objective (total magniﬁcation,
200) mounted on an Olympus 51 microscope, stepping
through and counting all CD3+, CD4+, or CD8+ cells in the
molecular layer.
The numbers of Mac-1+ cells in the molecular layer
were counted in sections parallel to those used for T-cell
counting. Cells were counted in a ﬁxed fraction (37.5%) of
the molecular layer in 5 sections, separated by 160 Km
containing the temporal part of the hippocampus using the
computer-assisted stereologic test GRID system (Olympus,
Silkeborg, Denmark). Cells were counted using a 100
objective (total magniﬁcation, 1,000). The total numbers
(n) of Mac-1+ cells contained within 5 parallel sections were
estimated using the formula Estimate of n = Q  1 / asf (area
sampling fraction; 3,753/10,000) (45).
Intraparenchymal Location of Inﬁltrating T Cells
and Macrophages
To evaluate the inﬁltration of T cells and macrophages
in the neuropil, we selected 3 animals with high numbers
of inﬁltrating cells. Parallel sections (n = 5) from each animal
were subjected to double immunoﬂuorescence staining for
laminin 1 and CD3 or Mac-1, respectively. Sections were
assessed for perivascular or intraparenchymal location of
the cells.
Scoring of Myelin Deposits
To determine whether myelin disintegration and clear-
ance of myelin debris in deafferented dentate gyrus were
affected by inﬁltrating TMBP, the amount of MBP
+ particles
in the oml of the dentate gyrus of PP-lesioned TMBP mice
was scored and compared with PP-lesioned TOVA and naBve
mice and unlesioned TMBP, TOVA, and naBve mice. The
animals were scored in a blinded fashion using a 10
objective by 2 independent observers using a range from 0
to 3 as follows: 0 for no myelin deposits, 1 for sporadic myelin
deposits, 2 for moderate myelin deposits, and 3 for abundant
myelin deposits (37).
Counting of Myelin Phagocytosing Microglia
For this analysis, we selected the animals with the most
T cells in the oml. Sections were ﬁrst analyzed using an
Olympus BX51 microscope using FITCH (excitation spec-
trum [ex.], 460Y490 nm; emission spectrum [em.], 580Y750
nm), TRICH (ex., 460Y490 nm; em., 510Y550 nm), and DAPI
(ex., 330Y385 nm; em., 420Y600 nm) ﬁlters. Mac-1+ cells
were deﬁned by having a blue DAPI+ nucleus surrounded by
green Mac-1+ plasmalemma. Myelin basic protein containing
Mac-1+ cells in addition had red MBP+ particles within their
cytoplasm, yielding a yellow color. Pictures were obtained
using a 60 lens and an Olympus DP70 camera. Double- and
single-labeled cells in individual mice were counted based on
images obtained from the oml.
The intracellular location of the phagocytosed MBP+
particles was validated using confocal laser scanning ﬂuo-
rescence microscopy (Olympus FV1000) using a 20
(numerical aperture, 0.95) Olympus water immersion objec-
tive. For the confocal analysis, the scanning area was set to
1,024  1,024 pixels with and without internal zoom. DAPI
(Invitrogen; D3571), Alexa Fluor 488 (Invitrogen; S-32354),
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and Alexa Fluor 594 (Invitrogen; A-11012) were excited
sequentially with lasers at 405-, 488-, and 594-nm wave-
lengths. Fluorescence was monitored through 425- to 475-,
500- to 545-, and 575- and 675-nm band-pass ﬁlters
(acousto-optical tunable ﬁlter), respectively.
Statistics
Group values are given as medians. Group medians
for ipsilateral and contralateral data were compared using
1-tailed paired Student t test. For the remaining data group,
medians were compared using the Kruskal-Wallis test,
followed by 2-sample Wilcoxon rank sum (Mann-Whitney)
test or by Mann-Whitney test. All tests were made using
STATA (StataCorp LP, College Station, TX). p values are
indicated as follows: *, p G 0.05; **, p G 0.01; and ***,
p G 0.001.
RESULTS
Validation of Lesion of T Cell-Recipient
and -Naı¨ve Mice
Transection of the PP resulted in reactive microgliosis in
the deafferented zone, as previously described (37, 46Y48).
Mice with a complete PP lesion had a clearly demarcated band
of reactive Mac-1+ microglia restricted to the deafferented
oml of the dentate gyrus. Mice that did not display a band of
reactive microglia were excluded from the study, as were
animals in which the lesion encroached on the dentate gyrus.
Targeting of T Cells to the Zone of Axonal
Degeneration
PP lesion of TMBP mice induced a massive inﬁltra-
tion of CD3+ T cells, especially in the oml of the dentate
FIGURE 1. Targeting of myelin-reactive T cells to zones of axonal degeneration in the dentate gyrus. (A, B) Increased lesion-
speciﬁc inﬁltration of CD3+ T cells in perforant pathway (PP)-lesioned TMBP-recipient mice 7 days after lesion. CD3 stain show
greater inﬁltration of T cells in the molecular layer of PP-lesioned TMBP animals (TMBP +PP) (arrowheads) than in unlesioned TMBP
(TMBP -PP), PP-lesioned TOVA (TOVA +PP), and naBve (no T +PP) mice. Virtually, no T cells were observed in unlesioned T cell-
recipient and -naBve mice (A, B, bottom row). g indicates granule cell layer; h, hilus; ml, molecular layer; iml, inner molecular layer;
oml, outer molecular layer. Bars: (A) 250 Km; (B) 20 Km. (C) Numbers of CD3+ T cells in the molecular layer of mice 7 days after
lesion. The lines indicate medians. ***p G 0.001. (D) Inﬁltrating T cells in PP-lesioned recipient and naBve animals are mainly CD4+
cells with smaller numbers of CD8+ cells. At 7 days after PP lesion in TMBP animals, there are CD4
+ and CD8+ cells in the molecular
layer. Bar = 20 Km. Graphs show numbers of cells in PP-lesioned TMBP, TOVA, and naBve mice 7 days after lesion. The median for
each group is marked with a line. The numbers of CD4+ and CD8+ cells in PP-lesioned TMBP mice were signiﬁcantly higher than in
PP-lesioned TOVA and naBve mice. *p G 0.05; **p G 0.01; ***p G 0.001.
Nielsen et al J Neuropathol Exp Neurol  Volume 68, Number 8, August 2009
 2009 American Association of Neuropathologists, Inc.848
 by guest on January 14, 2017
http://jnen.oxfordjournals.org/
D
ow
nloaded from
 
Copyright @ 2009 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.
gyrus compared with almost no inﬁltration in dentate gyrus
of the unlesioned TMBP mice (Fig. 1A, B), although these
animals had developed clinical signs of EAE. CD3+ T cells
inﬁltrated the molecular layer of the dentate gyrus of
lesioned by not nonlesioned mice (475 vs 5; p G 0.001)
(Fig. 1C). The lesion speciﬁcity of the T-cell inﬁltration in
the PP-lesioned TMBP mice was additionally conﬁrmed by
observation of signiﬁcantly larger numbers of CD3+ T cells
in the molecular layer of the deafferented ipsilateral dentate
gyrus compared with the unlesioned contralateral dentate
gyrus of the same mice (475 vs 2; p G 0.001) (Fig. 1C).
Thus, T-cell inﬁltration was lesion speciﬁc in PP-lesioned
TMBP mice.
To determine whether the extent of T-cell inﬁltration
depended on the antigen speciﬁcity of the injected T cells,
we compared T-cell inﬁltration in the molecular layer in
PP-lesioned and unlesioned TMBP, TOVA, and naBve mice.
CD3+ T cells were particularly numerous in the oml of the
dentate gyrus in the PP-lesioned TMBP animals (Fig. 1A, B).
CD3+ T cells were also abundant in the meninges lining the
deafferented dentate gyrus of TMBP mice (Fig. 1A). A few
CD3+ T cells were also observed in the PP-lesioned TOVA
and naBve animals (Fig. 1A, B), whereas no T cells were
observed in the molecular layer in unlesioned TMBP, TOVA
mice, or naBve animals (Fig. 1A, B). Signiﬁcantly more CD3+
T cells inﬁltrated the molecular layer in PP-lesioned TMBP
mice compared with PP-lesioned TOVA and PP-lesioned
naBve mice (475 vs 7 and p G 0.001; 475 vs 1 and p G
0.001) (Fig. 1C). Cell counting also showed that the numbers
of CD3+ T cells were higher in the molecular layer of PP-
lesioned naBve mice compared with naBve controls (1 vs 0;
p G 0.05) (Fig. 1C).
To analyze the inﬁltration of T cells in lesioned an-
imals in more detail, parallel sections from PP-lesioned
and naBve mice were stained for CD4, a marker for MHC
II<restricted T-helper/delayed-type hypersensitivity-type
T cells (49) and CD8, a marker for MHC I<restricted
cytotoxic T cells (50). As expected from analyses of T
cells in EAE (7, 51), CD4+ cells outnumbered CD8+ cells
(Fig. 1D); the combined numbers of CD4+ and CD8+ cells
outnumbered the total number of CD3+ cells. Signiﬁcantly
greater numbers of CD4+ cells were observed in the
molecular layer in PP-lesioned TMBP mice than in PP-
lesioned TOVA and naBve mice (462 vs 7.5 and p G 0.01;
462 vs 7 and p G 0.001). This pattern was also observed
with respect to numbers of CD8+ T cells in PP-lesioned
TMBP mice compared with PP-lesioned TOVA and naBve
mice (151 vs 5.5, p G 0.05, and 151 vs 2, p G 0.001,
respectively) (Fig. 1D). Because CD4 is inducible on
activated microglia in rats (52), we also assessed CD4+ cell
morphology; we observed no CD4+ cells with ramiﬁed
microglial morphology, that is, all cells had a rounded or
amoeboid morphology (Fig. 1D).
T Cells Inﬁltrate the Neuropil in the Zone of
Axonal Degeneration
T cells extravasate from the microvascular lumen into
the perivascular space and from there cross the glia limitans
to enter the neural parenchyma (53, 54). To distinguish be-
tween perivascular T-cell accumulation and inﬁltration of the
parenchyma, we performed immunoﬂuorescence double label-
ing for CD3 and laminin-1 (53, 55). CD3+ T cells inﬁltrated
the parenchyma of the ipsilateral dentate gyrus of PP-lesioned
FIGURE 2. Perivascular and parenchymal inﬁltration of T cells and macrophages. (Top row) Double staining for CD3 (green) and
laminin-1 (red), which stains the endothelial cells and astroglial basement membranes. There are more T cells in the neuropil of
the perforant pathway (PP)-lesioned TMBP than in the lesioned TOVA and naBve mice. (Bottom row) Double staining for Mac-1
(green) and laminin-1 (red) shows accumulation of round Mac-1+ cells in a PP-lesioned TMBP mouse (arrowheads) and process-
bearing cells in the parenchyma (arrows). In PP-lesioned TOVA and naBve animals, only very limited perivascular accumulations
were observed. Bar = 10 Km.
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TMBP mice, whereas only a few T cells entered the neuropil in
PP-lesioned TOVA and naBve mice (Fig. 2, arrowhead). This
suggested that T cells within the neuropil in the PP-lesioned
TMBP mice could have direct effects on microglial cells in the
zone of axonal lesion-induced myelin degeneration.
T Cells Enhance the Microglial Response to
Axonal Degeneration in TMBP-Recipient Mice
Reactive microgliosis was observed in the oml of
the dentate gyrus in all PP-lesioned mice, whereas
microglia in the unlesioned T cell<recipient and -naBve
mice had the characteristics of resting microglia (16, 48)
(Fig. 3A, B). In PP-lesioned TMBP animals, the microglial
response to axonal lesion was clearly greater than that in the
PP-lesioned TOVA and naBve animals. This was reﬂected in
enhanced microglial density and/or upregulation of Mac-1
on the reactive microglia in the oml and the hilus of the
dentate gyrus (Fig. 3A, B). Cell counts conﬁrmed that there
were signiﬁcantly more Mac-1+ microglia in PP-lesioned
TMBP mice than in PP-lesioned TOVA (1,081 vs 501; p G
0.01) and naBve mice (1,081 vs 568; p G 0.05) (Fig. 3C).
Most Mac-1+ cells were process-bearing cells, that is,
activated microglia (Fig. 3B, arrow), but there were a few
round macrophage-like cells in T cell<recipient and <naBve
PP-lesioned animals (Fig. 3B, arrowhead).
To determine the location of Mac-1+ macrophage-
like cells, parallel sections were double stained for Mac-1
and laminin-1. There were a few round Mac-1+ cells in peri-
vascular spaces of PP-lesioned TMBP animals in the dentate
gyrus oml, whereas there were process-bearing cells in the
parenchyma (Fig. 2, arrows); there were also perivascular
FIGURE 3. Inﬁltration with TMBP cells enhances the microglial response to axonal lesion. (A) CD11b/Mac-1-stained sections show
a greater axotomy-induced microglial reaction in the dentate gyrus of a perforant pathway (PP)-lesioned TMBP mouse (TMBP +PP)
compared with PP-lesioned TOVA (TOVA +PP) and naBve (no T +PP) mice 7 days after lesion. Unlesioned (-PP) T cell-recipient and
-naBve mice (bottom row) showed the characteristic morphology of resting microglia. (B) Fluorescent staining for CD11b/Mac-
1 at high magniﬁcation. Most Mac-1+ cells in lesioned mice seem to be process-bearing activated microglia (arrows) with only
very few round macrophage-like cells (arrowhead). g indicates granule cell layer; h, hilus; iml, inner dentate molecular layer; ml,
dentate molecular layer; oml, outer dentate molecular layer. Bars: (A) 200 Km; (B) 50 Km. (C) Numbers of Mac-1+ microglia in
the molecular layer of mice at 7 days after lesion. The lines indicate the medians. *p G 0.05; ***p G 0.001.
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accumulations of Mac-1+ macrophages in the meninges (not
shown). Mac-1+ macrophage-like cells were less frequent in
the oml in PP-lesioned TOVA and naBve animals than in the
PP-lesioned TMBP animals (Fig. 2).
Enhanced Clearance of Myelin Particles in
T CellYRecipient Mice
In unlesioned T cellYrecipient mice and naBve control
mice, there was a network of MBP+ myelinated ﬁbers in the
oml, mainly in the medial perforant path zone and in the
entrance area of the PP (Fig. 4A). As previously reported
(37), transection of the PP resulted in a characteristic change
in MBP immunostaining in the oml at day 7. Thus, in PP-
lesioned animals, the MBP+ myelinated ﬁbers were replaced
by particles of MBP+ material (Fig. 4A), reﬂecting myelin
disintegration and resulting in a score of 3 (Fig. 4B) (3 vs 0;
p G 0.001). Myelin disintegration was greatest in the oml of
PP-lesioned TMBP mice (Fig. 4A). This was reﬂected by a
reduction in the amount of MBP+ particles in PP-lesioned
TMBP mice compared with PP-lesioned naBve mice (1 vs 3;
p G 0.01) and to PP-lesioned TOVA mice (1 vs 3; p G 0.05)
(Fig. 4B). The PP-lesioned TOVA mice showed a pattern of
FIGURE 4. Enhanced clearing of myelin particles in perforant pathway (PP)-lesioned TMBP mice. (A) Myelin basic protein-
immunostained sections from PP-lesioned and unlesioned TMBP (TMBP +PP, TMBP -PP) and TOVA (TOVA +PP, TOVA -PP) mice and from
a naBve mouse (no T +PP, no T -PP). Perforant pathway lesion results in disintegration of MBP+ ﬁbers and in the appearance of
MBP+ particles (arrows) compared with unlesioned naBve mice (no T-PP). Perforant pathway-lesioned TMBP mice contained fewer
MBP+ particles (asterisks, TMBP +PP) than PP-lesioned TOVA (TOVA +PP) and naBve mice (no T +PP). g indicates granule cell layer; iml,
inner molecular layer; ml, molecular layer; oml, outer molecular layer. Bar = 100 Km. (B) PP-lesioned TMBP mice contain fewer
MBP+ particles compared with PP-lesioned TOVA and naBve mice 7 days after lesion. Unlesioned T cell-recipient and -naBve mice
contained no MBP+ particles. Lines indicate medians. *p G 0.05; **p G 0.01; ***p G 0.001. (C)Myelin debris is secondary to axonal
degeneration, not autoimmune demyelination. Double immunoﬂuorescence for MBP (red) and NF (green) provides a clear
distinction between the MBP+ particles in the oml in PP-lesioned T cell-recipient and -naBve mice (top row) and the double-labeled
myelinated MBP+NF+ axons in unlesioned T cell-recipient and -naBve mice (bottom row). g indicates granule cell layer; iml, inner
molecular layer; oml, outer molecular layer. Bar = 10 Km. (D) High magniﬁcation showing numerous cross-sectioned NF+ ﬁbers
enwrapped in MBP+ myelin (arrows) in unlesioned T cell-recipient and -naBve mice (bottom row). In contrast, in PP-lesioned T cell-
recipient and -naBve mice (top row), the MBP+ particles showed no colocalization with NF+ axons. Several cross-sectioned MBP+
structures appeared to have a hollow center, indicating degeneration of the enclosed axon (arrowheads). There are fewer MBP+
particles in the TMBP PP-lesioned mouse (TMBP +PP). Bar = 2.5 Km.
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myelin disintegration similar to that observed in PP-lesioned
naBve mice (Fig. 4A, B). There was myelin disintegration in
the unlesioned mice (Fig. 4A); all unlesioned mice were
scored as having no particles (0 score) (Fig. 4B).
Axonal Degeneration Not Autoimmune
Demyelination Leads to Accumulation
of Myelin Debris
To verify that the MBP+ particles observed in the PP-
lesioned T cell-recipient mice and naBve animals were indeed
myelin debris and not myelinated axons in cross-section, we
performed double staining for MBP and NF. Sections were
selected at the anatomical level that showed the highest
amount of ﬁbers in cross-section. In naBve animals, a broad
band of NF+ ﬁbers colocalized with the MBP+ ﬁbers of the
PP in the oml (Fig. 4C). At high magniﬁcation, numerous
cross-sectioned ﬁbers could be distinguished as NF+ axons
enwrapped by MBP+ myelin (Fig. 4D). A similar pattern was
observed in unlesioned TMBP or TOVA animals (Fig. 4D),
thereby excluding autoimmune demyelination as the cause of
myelin debris in our model. By contrast, there was almost
complete absence of NF+ axons and the MBP+ myelinated
ﬁbers of the PP had been replaced by MBP+ particles that
showed no colocalization with NF in lesioned naBve animals
(Fig. 4D). Perforant pathway-lesioned TOVA animals had
similar features, whereas there were signiﬁcantly fewer
MBP+ particles in PP-lesioned TMBP animals (Fig. 4C, D).
High magniﬁcation conﬁrmed that they showed no colo-
calization with NF+ axons. Indeed, several of the cross-
sectioned MBP+ ﬁbers appeared to have hollow centers,
suggesting degeneration of the enclosed axon (Fig. 4D).
T-Cell Inﬁltration Enhances Microglial
Phagocytosis of Myelin Debris
To conﬁrm that microglial phagocytosis of myelin
debris was stimulated as a consequence of inﬁltration by
TMBP, we performed double staining for MBP and Mac-1.
Activated MBP-containing Mac-1+ cells with microglial-
like morphology were observed in all PP-lesioned T cell-
recipient and <naBve mice; the intracellular location of MBP
was validated by confocal analysis (Fig. 5C). Although PP-
lesioned TMBP animals showed numerous activated Mac-1
+
microglia containing MBP+ particles (Fig. 5A), this was ob-
served to a much lesser extent in PP-lesioned TOVA and naBve
animals; MBP+ particles were absent in unlesioned recipient
and naBve animals (Fig. 5A). There were signiﬁcantly more
FIGURE 5. Microglia in perforant pathway (PP)-lesioned TMBP mice show increased phagocytosis of myelin debris. (A)
Immunoﬂuorescence double staining for MBP (red) and Mac-1 (green) for visualization of myelin phagocytosis in the outer
molecular layer (oml). Activated microglia (arrows) in PP-lesioned T cell-recipient and -naBve mice (top row) show colocalization
with MBP (arrowheads), indicating phagocytosis; unlesioned T cell-recipient and -naBve mice (bottom row) showed resting
microglia, intact myelin, and no colocalization. Bar = 10 Km. (B) Confocal laser scanning microscopy validates the intracellular
localization of MBP+ particles (arrowheads) in a Mac-1+ cell of a PP-lesioned TMBP mouse; activated microglia without MBP
+ myelin
debris and resting microglia do not show intracellular localization. Bar = 5 Km. (C) Estimates of numbers and percentages of MBP+
Mac-1+ microglia in the oml of PP-lesioned and unlesioned TMBP, TOVA, and naBve mice (n = 3 per group). The numbers of
MBP+Mac-1+ microglia were signiﬁcantly higher in PP-lesioned TMBP mice than in PP-lesioned TOVA mice. *p G 0.05. (D)
MBP+Mac-1+ microglia were more numerous in PP-lesioned TMBP mice than in PP-lesioned TOVA and naBve mice.
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MBP+Mac-1+ cells in the oml of PP-lesioned TMBP mice
compared with the PP-lesioned TOVA mice (42 vs 6; p G
0.05) (Fig. 5C). Compared with the total number of Mac-1+
cells, 26% had incorporated MBP in the PP-lesioned TMBP
animals whereas only 6% and 7% had done so in the PP-
lesioned TOVA and naBve animals, respectively (Fig. 5D).
Thus, the presence of TMBP provided a strong stimulus for
microglial phagocytosis of myelin debris in the zone of anter-
ograde axonal degeneration in the deafferented dentate gyrus.
DISCUSSION
In this study, we show that axonal lesion of T cell-
recipient mice results in a lesion-speciﬁc inﬁltration of
myelin-reactive T cells into the zone of anterograde axonal
and terminal degeneration within the dentate gyrus and that
lesion-speciﬁc inﬁltration of myelin-reactive T cells enhances
the microglial response and phagocytic clearance of MBP+
myelin debris from the zone of axonal degeneration. These
observations raise the possibility that axonal and terminal
degeneration distal to sites of axonal transection could pre-
cipitate the development of new inﬂammatory lesions but
also that certain aspects of T cell inﬁltration might prove
beneﬁcial to regenerative processes in the CNS.
For myelin-reactive T cells to exert an effect on the
axonal lesion-reactive microglia and degenerating myelin,
they must cross the vascular endothelium, the glia limitans,
and the perivascular space between them (53, 54, 56). The
ﬁrst step of extravasation from the microvascular lumen into
the perivascular space largely depends on interactions between
integrins and selectins expressed on activated leukocytes
and endothelial cells (57Y59). For example, upregulation of
intercellular adhesion molecule-1 on endothelial cells in the
deafferented dentate gyrus has been previously observed (60).
Another important factor for leukocyte inﬁltration is the
intraparenchymal production of chemokines. The chemokine
ligands (CCL) CCL2 and CCL5 have attracted particular
attention due to their proposed role in attraction and retention
of leukocytes to the CNS after inﬂammation and traumatic
and ischemic injury (61, 62). Both chemokines are induced
in the hippocampus after PP lesion (32, 46), and CCL2
inﬂuences the T-cell and macrophage inﬁltration into the
PP-deafferented hippocampus (32).
In line with earlier studies on the PP-deafferented dentate
gyrus in mice and rats (29Y31, 37, 63), we observed only a
minor lesion-induced recruitment of T cells into the deaf-
ferented dentate gyrus of naBve mice. A more pronounced
effect was observed in previous studies in which T-cell
inﬁltration was quantiﬁed using ﬂow cytometry (32, 64). Sev-
eral factors may contribute to this difference, one being the
difference in brain region analyzed, which, in the ﬂow
cytometry study, encompassed the entire hippocampal for-
mation. In addition, Bechmann et al (31) reported on axonal
lesion<induced T-cell inﬁltration in areas with combined
retrograde and anterograde degeneration in the hippocampal
white matter (ie, alveus) in rats. Another reason could be that
only intraparenchymal and not perivascular T cells were
counted in the present study; T cells are frequently located in
the perivascular spaces of perfused CNS.
Activated T cells enter the CNS and may accumu-
late at injury sites regardless of their antigen speciﬁcities
(8, 26Y28, 65, 66). Ovalbumin-speciﬁc T cells enter the CNS
after adoptive transfer into SJL mice but do not cause de-
myelination or glial cell reaction (67). Because we observed
no effect of TOVA on the microglial response day 7 post-
lesion, we conclude that only the TMBP had the ability to
enhance the microglial response to axonal lesion and micro-
glial clearance of myelin debris. This does not preclude the
possibility that CNS-inﬁltrating T cells in the TOVA or TMBP
mice were more numerous before day 7 postlesion, but T
cells appeared to be retained to a greater extent in the
lesioned TMBP mice. In spinal cord injury, the inﬁltration
of TMBP and TOVA is transient; T cells are present from 3 to
21 days postlesion (27). Alternatively, the larger numbers of
T cells in the TMBP mice might be due to an increased
recruitment of endogenous T cells; this could not be assessed
in the present study because the injected cells were not
labeled. Indeed, at the onset of EAE, as many as 50% of
CNS-inﬁltrating T cells have been determined to be naBve
bystander T cells (40), and the numbers may be even larger in
spinal cord injury (27). Although, we cannot exclude an
effect of endogenous T cells in our study, observations by
others suggests that the effect of endogenous T cells is
marginal (27, 40, 68).
The CNS-inﬁltrating TMBP cells were associated with
signiﬁcantly increased numbers of Mac-1+ microglial cells in
response to the axonal lesion compared with the CNS-
inﬁltrating TOVA cells. We and others have previously shown
that the lesion-induced expansion of the microglial popula-
tion can be attributed to proliferation and migration of
resident microglia and, to a lesser extent, inﬁltration of
bone marrow<derived microglia (46, 69Y71). Because CNS-
inﬁltrating T cells in TMBP but not TOVA mice (40) are known
to produce proinﬂammatory cytokines such as interferon-F
(IFNF), we speculate that cytokines produced by the TMBP
boosted the microglial response. Our group has shown that
transgenic overexpression of IFNF stimulates the axonal
lesion<induced microglial reaction (72) whereas deﬁciency in
tumor necrosis factor (TNF) or the two TNF receptors ap-
peared to have no effect (38, 64). Alternatively, the T cells
might have prevented or delayed the programmed microglial
cell death that was shown to be prominent already 3 days
after PP-lesion of the dentate gyrus (46).
In addition to microglia, it has been shown using ﬂow
cytometry that macrophages inﬁltrate the hippocampus in
mice during the ﬁrst 8 days after the lesion (32, 46, 64).
These observations are in agreement with our present
observation of a few Mac-1+ cells of a round morphology
in PP-lesioned mice and raise the possibility that blood-borne
macrophages might contribute to the clearance of myelin
debris. Although this is possible, we observed that most
Mac-1+ cells, including all the Mac-1+ cells that had phago-
cytosed MBP+ debris, had typical reactive process-bearing
microglial morphology rather than a round macrophage-like
morphology. This is in agreement with a more predominant
role of microglia than blood-borne macrophages in myelin
phagocytosis in rats with EAE (73) and with more recent ob-
servations that depletion of blood-borne macrophages had
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only modest effects on microglial expansion and no effect on
inﬁltrating T cells or TNF mRNA expression in PP-lesioned
naBve mice (74).
The appearance of MBP+ particles correlates with the
degree of axonal degeneration after PP lesion (36, 37) but
could also be explained by autoimmune demyelination, as
observed in EAE (7). Because only a few MBP+ particles
were observed in unlesioned animals that received TMBP or
TOVA, we feel conﬁdent that the deposition of MBP
+ particles
was initiated by PP lesion-induced Wallerian degeneration.
Clearing of degenerating axons and myelin debris after
Wallerian degeneration is usually considered slow and
incomplete in CNS (20). This has also been shown for the
PP lesion, where MBP+ particles remain in the deafferented
oml for weeks until removed by phagocytic cells (17, 37).
The observation of reduced amounts of MBP+ particles in
PP-lesioned TMBP mice compared with PP-lesioned TOVA
and naBve mice provides evidence that the CNS-inﬁltrating
myelin-reactive T cells enhanced microglial clearance of
myelin debris. This was additionally conﬁrmed by the
observation of increased numbers of Mac-1+ microglia that
contained intracellular MBP+ material in PP-lesioned TMBP
mice compared with PP-lesioned TOVA and naBve mice. The
fact that MBP-containing Mac-1+ microglia were also
observed in PP-lesioned TOVA and naBve mice is in line with
observations of microglia being the principal phagocytosing
cells after PP lesion in naBve animals (17).
It is becoming increasingly clear that T cells, par-
ticularly CD4+ T cells, can inﬂuence the functional proper-
ties of microglia and other types of antigen-presenting cells
(15). Activated microglia show increased phagocytosis of
myelin in the presence of T cells, possibly through IL-2
secretion (75). Small amounts of CD4+ Th1 cell-produced
IFNF stimulate glutamate uptake by microglia, which is
neuroprotective (76). The observed effects might also be
due to CD4+ Th2 cells producing IL-4 because activated
microglia cultivated in the presence of IL-4 downregulate
the production of TNF and upregulate insulin-like growth
factor<1 (77); the latter is neuroprotective and a stimulant of
oligodendrogenesis (78). Similarly, Beers et al (79) showed
that CD4+ T cells affect IL-4 and TNF synthesis in vivo in a
chronic model for neurodegeneration. In combination with
our previous observation of IFNF-mediated enhancement of
microglial Mac-1/CD11b expression in PP deafferented
dentate gyrus, this raises the possibility that IFNF-producing
CD4+ Th1 cells stimulated microglial phagocytosis of
MBP+ debris after axonal lesion in the present study. This
would be in agreement with observations of a role for
Mac-1/CD11b in complement-mediated phagocytosis of degen-
erating synapses (80) and degenerated myelin (81, 82).
Interestingly, however, Gimsa et al (83) showed that, although
MBP-speciﬁc T cells induced microglia to attack myelinated
axons in entorhinal-hippocampal slice cultures, IFNF alone had
no effect.
In conclusion, our results show that myelin-reactive T
cells enhance microglial response to axonal lesion and
enhance microglial phagocytic capacity. Understanding the
mechanisms involved could prove beneﬁcial in promoting
regenerative processes after CNS axon and myelin injury.
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